We develop and fabricate ordered fiber bundles based on silver halide crystals. They are thin, flexible, and non-hygroscopic. These bundles allow detecting temperatures in the interval of -130 -900 o C with good spatial resolution and can be embedded in monitoring and control systems. To show their suitability for infrared thermography in the heat and power engineering, the temperature distribution over the height of a gas turbine blade was measured using an IR thermographic system contained a linear silver halide fiber bundle.
INTRODUCTION
Infrared (IR) thermography is widely used in the energy industry because the data on the temperature distribution is important for many heat-power processes. In most cases, thermograms are recorded directly by thermal imaging cameras. It leads to some restrictions of the method. IR fiber bundles can significantly expand the application area of IR thermographic systems. They can be used as multipoint probes in the systems of control, monitoring and research of various units and components for the heat and power engineering. IR fiber bundles based on silver halide crystals have optimal functional parameters since they are flexible, thin, long, non-hygroscopic, highly transparent in the wavelength range from 2.5 to 20 μm without absorption windows, have a wide range of operating temperatures and are capable to transmit thermal images with _____________ good temperature and spatial resolution [1, 2] . They can deliver the IR radiation from restricted spaces and places where there is no direct visibility between the object and the thermal camera. We have already discussed the use of silver halide fiber bundlesfor the energy industry [3] . In this study, we report on the progress in the development of these bundles.
IR FIBER BUNDLES OF SILVER HALIDES
According to Wien's law of maximum radiation shift:
where λ m -the wavelength at which the maximum radiation intensity of the blackbody is observed (at a given temperature), µm, b= 2900, µm·K -Wien's constant, T -temperature, K.
The spectral radiant emittance of the black-body at various temperatures and the spectrum of total optical losses of silver halide fibers are shown in Figure 1 . It is seen in Figure 1 that the low loss region of single silver halide fibers covers most of the radiation wavelength range of the black-body from -130 to +900 o C. We realized the complete cycle of the fiber bundle fabrication. First, using the program package COMSOL Multiphysics, we simulated a regular IR fiber bundle comprised of 7x7 single-layer fibers in a common cladding (matrix). The fibers were arranged as a grid. Varying the diameters of the fibers and the distance between them, as well as the composition of the fibers and the matrix (hence, the refractive indices [4] ), we chose optimal parameters of the bundle for operating in the wavelength range of 8-14 μm. Figure 2 shows one of the modeled fiber bundle modes. The same modal distribution is observed for every single fiber. It is seen in the figure that the mode does not leak into adjacent fibers and has a rather high intensity.
Then, the raw materials were acquired by the thermal-zone crystallizationsynthesis. Next, the silver halide single crystals were grown by the Bridgman method from these raw materials, the multi-element billet was obtained, and the bundle was fabricated by a high-temperature extrusion [5, 6] . The diameter of single fibers is about 30 µm, the distance between the boundaries of adjacent single fibers is about 60 µm, and the outer diameter of the bundle is 1.12 mm. The gained geometric parameters of the bundle are in good agreement with the modeled ones. The photo of the cross-section of this 7x7-fiber bundle, made by a microvisor LOMO vizo-MET-221, is shown in Figure 3 . Such bundles allow investigating 2D temperature field distribution with good spatial resolution even in narrow gaps between the working parts of heat engineering equipment due to small diameters, large lengths, and flexibility. 
THERMOGRAM ACQUISITION
As an example of the use of silver halide fiber bundles, we present the study of the temperature distribution along the height of a gas turbine blade. To solve this problem, a pilot set-up contained a fiber bundle was produced (see Figure 4) . The fiber bundle comprised of four single-layer fibers, derived from AgCl 0.25 Br 0.75 crystals, with the diameter of 1.12 mm and the length of 25 cm. The fibers were arranged linearly.
The blade root of the gas-turbine unit was placed in the bath with the heated transformer oil for heating. The temperature distribution along the height of the blade feather was maintained uneven, due to constant cooling on account of the mechanisms of free convection and radiation. The thermal images of the gas turbine blade were obtained using IR fiber bundle and using thermal camera directly, which is shown in Figure 5 As expected, the IR thermographic system showed the non-uniformity of the blade temperature distribution (see Figure 6 ). The measured difference between the temperatures of upper and lower parts of the blade was more than 10 o C. Since we experimentally confirmed the suitability of our IR thermographic system for the application in heat and power engineering, we plan to develop IR thermographic system with more complex IR fiber bundle for carrying out advanced research.
FUTURE GOALS
In the future, we plan to use silver halide crystals doped with thallium (I) as a material for the fiber bundles, since these crystals possess the functional characteristics which allow expanding the scope of fiber bundles application [7, 8] . In particular, they are resistant to ultraviolet [9] and ionizing radiation [10, 11] . It is worth to mention, that they are resistant to γ rays at a dose of up to 500 kGy. In addition, they have a wider band of transmission, therefore they allow detecting temperatures in a wider range. It is also interesting to try crystals of AgBr-AgI and AgCl-AgBr-AgI systems as the materials for the fiber bundles since we expect that these crystals can improve functional characteristics of the bundles and, in some cases, may be more appropriate than crystals doped with thallium (I).
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